The effects of climate change on groundwater recharge and baseflow in the upper Ssezibwa catchment, Uganda, are investigated. The study first examines historical data, which indeed reveal evidence of climate change based on trends observed in temperature and discharge. For the climate change study, the statistical downscaling model (SDSM) is used to downscale future climate change scenarios, which were obtained from the UK HadCM3 climate model. The downscaled climate is used as input to the WetSpa hydrological model, a physically-distributed rainfall-runoff model, which was used to simulate the resulting hydrological changes. Downscaled climate shows an increase in precipitation in the wet seasons (MarchMay; October-December) ranging from 30% in the 2020s to over 100% in the 2080s. The corresponding rise in temperature ranges between 1 and 4°C. These changes are shown to give rise to intensification of the hydrological cycle. The mean annual daily baseflow for the current period of 157 mm/year (69% of discharge), is expected to increase by 20-80% between the 2020s and 2080s. The corresponding increase in recharge ranges from 20 to 100% from the current 245mm/year. The findings provide a basis for further research in the downscaling of climate data and sensitivity analysis for simulated hydrological changes in the catchment.
INTRODUCTION
One of the most severe consequences of climate change will be the alteration of the hydrological cycle, which will impact on the quantity and quality of regional water resources (Gleick & Adams, 2000; Xu, 2000) . According to the Intergovernmental Panel on Climate Change (IPCC, 2001) , African countries are more vulnerable to these changes due to lack of institutional capacity and economic development. The IPCC (2001, 2007) reports that overall, Africa has warmed by 0.7°C over the 20th century while rainfalls have increased by 5-10%. However, future projections indicate that temperatures will be 1.5°C warmer by 2050, while precipitation will increase in equatorial Africa and decrease by about 10% in northern Africa (IPCC, 2007) . Joubert & Hewitson (1997) report similar predictions where the mean summer rainfall in Africa is expected to generally decrease between 10 and 20% by the end of the 21st century. These changes will increase evaporation and cause more intense rain storms, severely affecting the availability, quantity and quality of water (IPCC, 2001; Phoon et al., 2004) . Heavy rainfalls in the wet seasons are expected to damage agriculture and engineering structures as a result of increased runoff (Arnell, 1999) . In the East African region, the increase in runoff is generally expected to reach 10-20% by the 2050s (Milly, 2005) . However, significant reductions in runoff are expected in summer for most of Africa (Arnell, 1999) .
Current research has mainly focused on surface water and very little is known about the potential impacts on groundwater. Yet, the impacts on groundwater are far reaching and need to be investigated, especially in Africa, where most people rely on groundwater as a source of potable water and for other domestic uses (Taylor & Howard, 1996; Kulabako et al., 2007) . In Uganda, for example, 61% of the country's safe water is supplied by groundwater, mainly through use of springs around Lake Victoria and southern parts Uganda, and boreholes in northern Uganda (Tindimugaya, 2006) . Groundwater is a vital water resource and awareness needs to be raised on its vulnerability to overexploitation, pollution and, most importantly, climate change. However, there are still few research studies that have explored the effects of climate change on groundwater. Therefore, we attempt in this study to investigate the effects of climate change on groundwater in a catchment in Uganda. The study further tests the downscaling of climate change projections from global climate models (GCMs), which has received relatively little attention in Africa (Joubert & Hewitson, 1997) .
STUDY AREA
The upper Ssezibwa catchment ( Fig. 1 ) is located in central Uganda and covers an area of about 175 km 2 . It drains into Lake Kyoga and is bordered by the Lake Victoria basin to the south. The catchment is gauged at Ssezibwa falls (0°21′N; 32°52′E), which is just upstream of Ssezibwa River, because the lower part is too swampy to establish a meaningful station. The mean daily flow is reported to range between 1 to 3 m 3 /s with a maximum flow of about 10 m 3 /s (Otim, 2005) . The catchment elevation varies from 1122 m in the north to 1353 m in the south, with a mean slope of 6.9%. Agriculture is the predominant land use (about 63%), while the remaining catchment is covered by evergreen broad-leaf forest. The soil texture is mainly sandy clay-loam. The region is characterized by a tropical humid climate influenced by Lake Kyoga and Lake Victoria (NEMA, 1997). The area experiences two rain seasons (March-May and September-December) with a mean annual rainfall of 1600-2000 mm. The annual evaporation is about 1472 mm, which renders the area a rainfall surplus zone. The mean annual maximum temperature is 26°C, while the minimum is 16°C. The catchment is generally underlain by undifferentiated gneisses associated with rocks of the Precambrian era. Younger rock formations of mainly sedimentary origin, typically with a thickness of 30 m or less, generally overlay the old gneisses (Taylor & Howard, 1996; Morris et al., 2003) . According to Taylor & Howard (1996 , 2000 , these materials are the origin of the valuable, often overlooked, aquifer in the region.
DATA AVAILABILITY
Data used in this research included 90-m-resolution grid maps of elevation, land use and soil, as well as daily precipitation and potential evapotranspiration data (PET), daily discharge and daily large-scale GCM predictors, which are used to predict future climate changes. The elevation grid map at 90-m resolution was obtained from the elevation database of the Shuttle Radar Topographic Mission (US Geological Survey: http://srtm.usgs.gov). The land-use and drainage maps were obtained from the FAO Africover database (http://www.africover.org/index.htm). This mapping is largely based on satellite imagery data with a scale of 1:200 000.
Long series of daily meteorological data were available for six weather stations around the catchment and were obtained from the Uganda Meteorological Department. Table 1 lists the available stations. The weather variables include: precipitation, minimum and maximum temperature, wind speed and relative humidity. Three stations (Namulonge, Jinja and Kampala) were used for PET, while the other three (Lugazi, Kivuvu and Mitono) were used for precipitation. The latter are located close to the catchment making them valuable for the precipitation interpolation, since rainfall is highly variable in the catchment. The PET series were calculated from the available meteorological data using the Penman-Monteith formula. Discharge records spanning from 1 January 1960 to 1 August 2006 were obtained from the Directorate of Water Development (DWD), Uganda. As shown in Table 1 , these data contained several gaps and therefore the study period was limited from 1997 to 2004. Gaps in data were filled by estimation from the closest stations having available data for that period. The precipitation stations considered were first checked for consistency using the double mass curve method. 
METHODOLOGY
Groundwater resources can be related to climate change in terms of the nature of recharge and the interaction between groundwater and surface water (Gleick & Adams, 2000; Loaiciga, 2003) . Hydrological models are therefore usually used to quantify recharge, which is then used as input to groundwater models to simulate changes in groundwater levels (Loaiciga, 2003; Scibek & Allen, 2006; Jyrkama et al., 2007; Woldeamlak et al., 2007) . The assessment involves comparing the model outputs for specified climate change scenarios to the current climate or baseline climate, which is taken as a 30-year period from 1961 to 1990 (Phoon et al., 2004; Mitchell, 2005) . In this study, the effects of climate change on the groundwater system of the catchment are assessed based on changes in the recharge and baseflow. Both are key components for assessing groundwater resources (Lee et al., 2002) . The recharge and baseflow are estimated using the WetSpa (Water and Energy Transfer between Soil, Plants and Atmosphere) hydrological model (Liu et al., 2004) . Future climate change scenarios are based on global circulation model (GCM) outputs obtained from the UK Hadley Centre climate model, HadCM3. However, the typical grid size (2.5° by 3.75°) is too coarse for a hydrological impact analysis at a watershed scale (Wigley et al., 1990; O'Hare et al., 2005) . This study therefore employs the Statistical Downscaling Model (SDSM) to convert the grid GCM outputs to finer resolutions, which are suitable for hydrological analysis at the catchment level. Thus, the methodology was split into four steps: (a) trend analysis; (b) distributed hydrological modelling; (c) statistical downscaling of climate change scenarios; and (d) hydrological response analysis.
Trend analysis
A trend analysis was performed to investigate whether climate has changed in the catchment in the past years. The analysis was performed on the discharge, precipitation and mean temperature using the Trend Testing Tool (Willems, 2006) . Jinja station was used for the analysis of precipitation and temperature because it was the nearest station and had the most continuous and longest time series. Trend analyses require long data series, so the period 1960-2006 was used. To minimise gaps and ensure an independent input series, the analysis for precipitation and temperature was performed on monthly series derived from the daily values, while the analysis for discharge was based on peak over threshold (POT) or partial duration series, which were extracted from the daily series using the WETSPRO program (Willems, 2009 ). The POT series contains an array of all independent peak flood values exceeding a selected threshold. The threshold used was based on the method in which two successive peaks are considered independent when the time, p, between them is longer than the recession constant (10 days as determined by WETSPRO), and when the minimum discharge between the two peaks is smaller than a fraction, f, of the peak discharge. For this study, the following parameters were found appropriate: p = 10 d, f = 0.5. The results of the analysis are summarized in Fig. 2 . Two periods are used for the analysis; 1960-1990 and 1990-2006 , because trends are dependent on the period analysed (Jónsdóttir et al., 2005) . As shown in Fig. 2 , trends, especially in discharge, generally become apparent in the second period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . However, trends are not significant for precipitation. Discharge series show decreasing trends from 1990, estimated at 50% per decade. In contrast, temperatures are shown to have been gradually increasing since 1960 and the trend is approximated at 2% increase per decade ( Fig. 2(c) ).
Distributed hydrological modelling
WetSpa is a physically-based distributed rainfall-runoff model (Liu et al., 2004 (Liu et al., , 2005 . Figure 3 shows schematically the model structure at the grid cell level. The water balance of the root zone is considered a key factor controlling runoff, interflow and groundwater recharge and is calculated for each grid cell as:
where D is the root zone depth; Δθ is the change in soil moisture content; Δt is the time interval; P is the precipitation; I is the initial abstraction (interception and depression losses); S is the surface runoff; E is the actual evapotranspiration; F is the interflow; and R is the percolation out of the root zone. The percolation out of the root zone recharges the groundwater storage (SG), which then contributes to groundwater discharge forming the baseflow of a stream hydrograph (Liu et al., 2004) . Recharge is estimated using equation (2) based on the Brooks & Corey relationship between hydraulic conductivity and effective saturation (Brooks & Corey, 1966) :
and baseflow simulation is performed at the sub-catchment scale using a lumped linear reservoir approach:
where R is the recharge or percolation; K s is the saturated soil hydraulic conductivity; θ r is the residual moisture content; B is the pore size distribution index; Q g (t) is the baseflow; SG(t) is the groundwater storage; and C g is the groundwater flow recession constant.
The main inputs to the model are: precipitation, PET, discharge series and 90-m GIS grid maps of elevation, land use and soil. The main outputs are: river flow hydrographs and spatiallydistributed hydrological characteristics, such as soil moisture, infiltration rates and groundwater recharge. The model is coupled with ArcView to enable pre-processing of GIS data, such as delineation of the spatial inputs of land use, soil and elevation, and derivation of the model's spatial parameters, such as Manning's and runoff coefficients, time of travel, flow velocity and surface routing parameters. In setting up the model, the catchment was divided into 110 subcatchments, the maximum needed to define a stream in the catchment. The average runoff coefficient was obtained as 0.46 and the average flow time as 12.8 h with a maximum of 41 h. To run the model, the three stations Lugazi, Kivuvu and Moniko were used for precipitation input, while Namulonge, Jinja and Kampala were used for PET input (cf. Table 1 ). The distribution of precipitation and PET in the catchment was determined using Thiessen polygons created for all stations with ArcView. Each grid is then identified with the station number and value of the corresponding polygon. The model was calibrated by manually adjusting the model's global parameters using daily flows from 1 January 1997 to 31 December 1999. The automatic parameter estimator (PEST; Doherty, 2002) was also used to fine-tune the parameters. The results of the calibration were validated using an independent data set from 1 January 2002 
Statistical downscaling of climate change scenarios
A statistical downscaling model (SDSM; Wilby et al., 2002) was used to downscale daily GCM climate projections of the catchment for use in the WetSpa model. Downscaled data are more reliable for hydrological analysis at the catchment level as compared to GCM data, which often distort patterns of rainfall variability (Karl et al., 1990 ). The SDSM model calculates relationships, which relate large-scale GCM predictor variables, such as geopotential heights and humidity, to local-scale meteorological series (predictants). The relationships are then used to downscale future climate change scenarios using GCM predictor variables. The predictants considered were the locally observed daily temperature and precipitation series, averaged for all the stations in the catchment, from the period 1961-2001. The GCM predictors for the current period and for the future periods of the 2020s (2010-2039), 2050s (2040-2069) and 2080s (2070-2099) were obtained from the UK Hadley Centre's global circulation model, HadCM3, using the location 0°N, 33.75°E. Two emission scenarios were considered: IPCC SRES scenario A2 (high) and scenario B2 (low). Emission scenarios predict the emission of greenhouse gases, which are the main driving factors of the GCM predictions (Dibike & Coulibaly, 2004) . Scenario A2 describes a heterogeneous world with a continuously increasing population and economic growth, and scenario B2 describes a lower population and intermediate levels of economic development. Observed large-scale predictors for the historical period are derived from the NCEP (National Centre for Environmental Protection) data set, and are used along with the locally observed meteorological data to calibrate and validate the SDSM model. The NCEP data set is a re-analysis of the current state of the global atmosphere derived using historical data from 1948 onwards and is essentially free of inhomogeneities (Kistler et al., 2001 ).
The most appropriate predictors for use in the downscaling process are identified during the screening of predictor variables. This is achieved using linear correlation analysis and scatter plots between the NCEP predictors and predictant variables for the current period 1961-2001. Potential predictors are those that give the highest correlation with the predictants. Table 2 summarizes the available potential predictors identified for the catchment. The correlations were generally poor, especially for precipitation. This was attributed to gaps in the predictants (22% for precipitation and 30% for temperature), the variability of rainfall and the limited predictors for the catchment, as the HadCM3 model does not provide surface flow predictors for areas along the Equator, where the catchment is situated. No.
Precipitation predictors Temperature predictors 1 p500 p 500 2 r850, r500 r850 3 rhum rhum, shum 4 shum Temp p500: 500 hPa geopotential height; r500: relative humidity at 500 hPa height; r850: relative humidity at 850 hPa height; shum: near surface specific humidity; rhum: near surface relative humidity; temp: mean temperature.
The selected predictors were used to calibrate the temperature and precipitation SDSM models for the period . For the calibration of precipitation, an event threshold of 0.03 mm, a variance inflation of 13 and a bias of 0.8 were found appropriate. The simulations generated by the SDSM consisted of 20 ensembles. The ensemble mean was used for the analysis. The downscaled temperature was analysed for the mean and variance, while precipitation was analysed for the mean, variance, percentage wet days and dry series length. The period 1991-2001 was used to validate the downscaled data. In Fig. 5 , the downscaled NCEP data are verified with the locally observed data (predictants) to identify how well the downscaled climate represents that of the catchment. As shown in Fig. 5 , a good match was obtained.
Results of downscaled climate
The calibrated temperature and precipitation SDSM models were used to downscale the HadCM3 GCM data for the baseline/current period October-December) by over 30% in the 2020s, over 80% in the 2050s and over 100% in the 2080s. Figure 6 (c) and (d) compares the results of the downscaled temperature. These results suggest that the months of May-September (the dry season) are expected to experience the greatest increases in temperature, in the range of 1-3ºC, between the 2020s and the 2080s for intense greenhouse scenario A2, and 1-2°C for the low-emission B2 scenario. Mean daily temperatures are expected to reach values ranging between 25 and 26ºC in the 2080s. Generally, it can be seen that the low-emission simulations (B2) are of lower magnitude than the high-emission simulations (A2).
Hydrological response simulations
The downscaled time series of daily precipitation and PET corresponding to current and future climate change scenarios from 1961 to 2099 were input into the calibrated semi-distributed WetSpa model for simulation of the discharge and baseflow responses. As it is not possible to use the multi-variable Penman-Monteith method to calculate future evaporation rates, due to data limitations, the PET series was calculated from the downscaled temperature (T m ) using the temperature-based Blaney-Criddle equation (Blaney & Criddle, 1950) :
where p is the monthly or daily percentage of daytime hours; and K is the monthly consumptive use coefficient, depending on vegetation type, location and season. At the equator, p = 0.27. The value of K was calculated by comparing the calculated PET with the observed PET for the current period . A value of K = 0.75 was found appropriate. The distributed recharge is calculated by running the fully-distributed WetSpa model for the current period and the future periods.
SIMULATION RESULTS AND DISCUSSION
The simulated discharge and baseflows were analysed on a mean monthly basis. Figure 7 shows the simulated flows for the current ) and the future periods (2020s, 2050s and 2080s) for both the emission scenarios A2 (high) and B2 (low). These results show that there is generally an increase in both the discharge and baseflow between November and June, while between July and October, little or no change is expected (Fig. 7) . However, greater increases are expected in runoff than in baseflow. These changes become more pronounced after the 2050s. The highest flows (ranging between 200 and 350 m 3 /s) were simulated to occur in the 2080s between the months of November and December. Examining Fig. 6 and Fig. 7 suggests that the high flows are more correlated to changes in precipitation than temperature. Figure 7 (e) and (f) shows the variation in baseflow compared to the total river flow. The results suggest that almost 100% of the river flow in the dry season (July-September) is contributed by baseflow for all scenarios. In the wet season, the amount ranges from 20 to 80% between the 2020s and 2080s.
On average, the mean annual daily discharge for the present period was estimated by the model at 1.47 m 3 /s. This value is close to the mean discharge reported for the Ssezibwa River by Otim (2005) . For the high-emission scenario, this value was simulated to increase by 38% in the 2020s, 60% in the 2050s and over 100% in the 2080s. For the low-emission scenario, these increases are on average 10% less. The results show that the mean annual daily baseflow is 157 mm/year (69% of discharge) for the present period and is shown to increase by percentages ranging from 30 to 90% between the 2020s and 2080s. Table 3 gives a summary of the simulated averages of the total annual precipitation, actual evapotranspiration, groundwater flow and the total streamflow using the semi-distributed model of WetSpa. It is obvious that there is an increase in the flow conditions and that greater changes are expected in the total streamflow. and future periods (2020s, 2050s, 2080s) for both the high-and low-emission climate change scenarios. According to the results, the current average annual groundwater recharge in the catchment was estimated as 245 mm/year accounting to about 17% of the mean annual precipitation. Considering that there was no information available on groundwater conditions in the catchment, this recharge estimate cannot be fully verified. Generally, actual recharge estimates for most areas in Uganda remain unknown. However, a few available studies indicate estimates ranging from 100 to 220 mm/year (Taylor & Howard, 1996; DWD, 2005) . The uncertainty in recharge estimates therefore justifies the need for more hydrogeological studies in Uganda in order to enable more reliable estimates for recharge. For the high-emission scenario, the simulated average recharge in the 2020s is 360 mm/year, in the 2050s, 450 mm/year, and in the 2080s, 740 mm/year. This shows an increase in recharge predicted in the coming years, which corresponds to the predicted increase in precipitation as shown in Fig. 6 . However, it is important to note that this study does not consider future changes in land use and effects due to future groundwater abstractions, which may play a significant role in the simulated recharge. The recharge varies across the catchment, as observed in Fig. 8, depending on the land use and soil type. Recharge is more concentrated in the lower-lying areas along the river. This is explained by the fact that the higher areas are steep and, hence, experience more runoff. However, there is minimal spatial variation in recharge observed in the 2080s due to the high degree of wetness.
CONCLUSIONS AND RECOMMENDATIONS
This study investigated the effects of climate change on the groundwater system of the upper Ssezibwa catchment in Uganda. The hydrological model WetSpa, with a Nash-Sutcliffe prediction efficiency of 63%, was developed for the catchment and used to simulate the expected recharge and stream runoff under future climate change scenarios. The study does not include effects due to groundwater abstraction and land-use changes which may play a role in affecting future groundwater systems. Investigation of the historical data in the catchment reveal evidence of present climate change based on increasing trends in temperature (approx. 2% per decade) and decreasing trends in discharge, especially from 1990 (approx. 50% per decade). No significant trends are observed in precipitation. This observation, however, cannot be relied on with great accuracy considering that only one station was used and that precipitation is highly variable in the catchment. These changes nevertheless justified the need for future climate predictions, which were based on SDSM-downscaled GCM predictors obtained from the HadCM3 climate model. The downscaled data show that both temperature and precipitation will increase in the future. Temperatures are expected to increase, especially in the dry season (May-September), by 1-3°C between the 2020s and the 2080s. Precipitation is also predicted to increase, with the greatest increases expected in the wet season (March-May; October-December) by over 30% in the 2020s, over 80% in the 2050s and over 100% in the 2080s.
The WetSpa model shows that these climatic changes have a severe impact on the hydrology of the catchment. The simulations generally show an increase in recharge, baseflow and total flow in the future. The mean annual daily discharge is expected to increase by 40-100% from the current 1.47 m 3 /s in the coming 20-80 years. Corresponding increases in mean annual daily baseflows were found to range between 30 and 90% from the current baseflow of 0.87 m 3 /s, or 157 mm/year (69% of total runoff). Future simulations also indicate some seasonal variations in flows, whereby in the dry seasons almost all the river runoff will be entirely contributed by baseflow. It is simulated that the recharge will intensify in the future, this being caused by the predicted intensification of rainfall. The current annual average recharge of 245 mm/year (17% of annual average precipitation) is expected to increase under intense greenhouse gas emissions (A2) by 47% in the 2020s, 84% in the 2050s and over 100% in the 2080s. However, the estimated current recharge could not be verified due to lack of groundwater information and discrepancies from previous studies. Thus, there is need for more hydrogeological studies in order to ensure more reliable recharge estimates. The results from this study generally suggest that, in the future, the region will experience increased annual flooding and rising groundwater levels, especially in the wet seasons, due to climate change.
Given the limitations in data faced in this study, it is recommended to collect more groundwater data across the country to enable development of groundwater models that give more accurate predictions of the groundwater systems. More data for precipitation and temperature are also needed to improve both the hydrological and climate model projections. High-quality precipitation data in particular are needed to address the uncertainties normally contained in the downscaling process (Scibek & Allen, 2006) . The findings from this study provide a basis for further research, especially in the downscaling of climate data and the need to perform sensitivity analysis of simulated hydrological changes. For the latter, it is necessary to establish the potential inconsistencies that may arise from calibrating the hydrological model with station data and running it using statistically downscaled gridded data. Hence, further research can investigate two alternative approaches: (1) where delta factors are applied on observed data and used as climate change inputs for the calibrated hydrological model; and (2) where the hydrological model is calibrated with historical downscaled data and also run with downscaled future climate data. The results from these approaches can provide more reliable conclusions on future predictions.
